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I. Executive Abstract

The goals of the program was to develop soft magnetic films, fabricate test
structures, to device a microwave inductor and integrate thin film inductor onto CMOS
(complimentary metal oxide semiconductor). Six researchers from four different
academic departments including materials science, physics, chemical engineering and
electrical engineering have conducted their own research projects. This report contains
six sub-reports for detailed information on the results.




II. Technical Program

Development of High Resistive and High Magnetization Soft Thin Film and
Fabrication of Thin Film Inductors

Yang-Ki Hong
Department of Materials Science and Engineering

I. Abstract

Soft magnetic (FexCoi.x)yM; alloy thin films were prepared by dc magnetron
sputtering for chip inductor gigahertz band applications. The effects of substrates bias,
sputter parameters, and seed-layer have thoroughly been investigated. The magnetic
properties of (FexCoix)yM, alloy films were characterized using vibrating sample
magnetometer (VSM), B-H loop tracer, superconducting quantum interference device
(SQUID). The physical properties of alloy films, which include composition, structural
properties, and film morphology, were examined by X-ray diffractometer (XRD), high
resolution transmission electron microscopy (HRTEM), selected area diffraction (SAD),
and energy dispersive X-rays (EDX).

Substrate bias effects on soft magnetic properties of 200 nm thick Fe-10%Co
alloy films have been investigated by dc magnetron sputtering on both (100) silicon and
(111) MgO substrates. An average saturation magnetization of the films increased from
17.2 to 24.1 kG by applying 200 V substrate bias, while the coercivity of the film
deposited on the silicon (Si) decreased to 19 Oe from 159 Oe of unbiased films. Both
biased and unbiased films showed bec structure from x-ray diffraction pattern. However,
the biased film had well-defined columnar structure with 20 nm in diameter discovered
by using HRTEM and SAD, but the unbiased film showed randomly oriented crystallites
existing near the interface between the film and substrate. The magnetostriction (1) of
Fe-10%Co alloy film was 1.89 x 10° with 300 V biased. The coercivity of a substrate
biased film was further decreased to 2.8 Oe with 2.5 nm of Co seed-layer. In order to
improve soft magnetic properties of Fe-10%Co alloy film, 1% ALO; was added into a
Fe-10%Co sputtering target. The properties of (Fe-10%Co)99(ALO3); film were 390 Oe,
28 pQ-cm, and 9 Oe for anisotropy field (Hy), resistivity, and coercivity, respectively.
Adequate properties of soft magnetic thin film were evaluated by an analytical
calculation [1] to meet the requirement for gigahertz band thin-film inductor application.
The calculated ferromagnetic resonance frequency (FMR) was 7.9 GHz using those
values of (Fe-10%Co)e9(ALO3); alloy film.

Finally, the design and detail of fabrication procedure of thin film inductor was
introduced. A four turn copper tracer was fabricated on a silicon wafer using electron
beam lithography.

II. Approach and Results
e Development of soft magnetic materials for gigahertz frequency range.

There have been many attempts to optimize the magnetic and physical properties
of soft magnetic film with the applications of microchip inductors in rf (radio frequency)




integrated circuits [2-17]. One of the main factors to determine frequency response is the
ferromagnetic resonance (FMR), which must be higher than the maximum operational
frequency. The FMR frequency is proportional to the square root of the anisotropy field
(Hx) multiple the saturation magnetization (4nMs), expressed by equation (1), where f;
and y represent FMR frequency and the gyromagentic ratio (1.76 x 10’ rad/Oe),
respectively. On the other hand, permeability (x’4;) increases with the increase of 4nMs
and with the decrease of Hy, expressed by equation (2). Therefore, there is a trade off
between saturation magnetization and anisotropy field for a given permeability [1].

f.= % H, 4nM, (1)
Ha=142200 @
de Hk

Since the Fe-Co alloy system is known to have the highest saturation
magnetization [2], there has been research to develop high frequency soft magnetic films
using Fe-Co alloys thin films by adding dopants [3-5], post-annealing [6], underlayers [7-
10], and applied bias voltage [11, 12]. For FeCoB film, the properties are permeability p’
of 200, and FMR frequency, 3.3 GHz. S. X. Wang et al. developed sandwiched FeCo
nitride with NiFe films [4, 7, 13]. H. Jiang ef al. also reported FeCoN films with high
moment and high resistivity [14]. The FMR frequency of FeCoN film with yu' = 1200
reached to 2 GHz [4]. S. Ohnuma and K. Shintaku et al. improved resistivity and soft
magnetic properties with an addition of small amount of aluminum oxide in Fe-Co alloy
films [15, 16]. N. A. Lesnik et al. fabricated (FesoCoso)x(AO3);x using an electron
beam evaporation technique at oblique incident of FeCo and alumina atom flux [17].

Substrate bias during sputter deposition has been an important parameter for the
control of nucleation and growth of thin films [18]. A combination of 300 V of substrate
bias and magnetic annealing has improved soft properties of Fe49Co49V> from about 170
to 10 Oe [10]. However, the substrate bias has led to the oxidation of grain boundaries,
resulting in an increase of coercivity and decrease in saturation magnetization of Fe;sCogs
[11]. Inthe research work, newly developed (FexCoix)yM; alloy films with substrate bias
have been studied on magnetic and physical properties of films and compared with the
analytical model that was estimated to be applicable up to 7.9 GHz of FMR frequency.

e Deposition of Fe-Co alloy films with substrate bias.

The Fe-Co alloy films were deposited on both a naturally oxidized silicon (100)
substrate and MgO (111) single crystal substrate at room temperature using dc magnetron
sputtering with a working pressure of 5 mTorr. The applied dc power density of the
target was 10 watt/cm’, and a bias voltage was applied on the substrate in the range of
zero and 300 volts to the substrate holder. Commercially available stoichiomertric Fe-Co
alloy 2 inch targets (Williams Advanced Materials Inc.) were used to grow the films: the
composition of targets varied from 5 to 50 atomic percent of cobalt in iron matrix. The
saturation magnetization of bulk specimens were cut from the used target materials to
compare with the saturation magnetization of deposited Fe-Co films. In order to improve
in soft properties and increase the resistivity of Fe-Co films, 1% ALO; to Fe-10%Co
target, (Fe-10%Co0)99(ALO3); was deposited on (100) silicon wafer.




Substrate bias sputtering is defined to apply bias potential to the substrate during
dc sputtering deposition. The common feature of bias sputter deposition is the
introduction of ion bombardment at the surface of a growing film by imposition of
negative potential relative to the plasma. Positive ions from the plasma are accelerated
across the sheath created by the substrate bias and impart sufficient energy to the film
that atomic rearrangements, including enhanced resputtering and recoil bombardment, are
promoted. This normally improves the quality of the deposited film, due partly to a low
energy ion bombardment of the growing film that may preferentially remove loosely
bonded atoms or molecules from the surface [19]. The energy released by low energy
ions to the surface may also increase the surface mobility of the incoming atoms. The
normal energy of the substrate bombarding ions in bias sputtering is in the range of 50 to
150 eV. The use of substrate bias in dc depositions is historically the first attempt to
control film properties through particle bombardment of the growing film [19]. Thornton
proposed using the resputter fraction as a fundamental measure of the deposited energy
required to control film morphology and properties [20]. The earliest applications of bias
sputtering arose from a desire to minimize the gaseous impurity content of thin resistive
films whose properties were greatly influenced by the bombardment of reactive gases
[22]. The mechanism for the beneficial removal of contaminants from the film surface
through use of substrate bias has been attributed to the preferential resputtering of the
atomically lighter impurity species, such as oxygen and nitrogen, form the growing film
surface [23]. Thornton also discussed the morphological changes accompanying bias
deposition of copper films in a hollow cathode system at various pressures [20]. Jones et
al. observed that resputtering associated with biased deposition of film material promoted
densification of films for rf sputtered SiO, [18]. The elimination of reactive
contaminants during bias bombardment should promote both adatom diffusion process
and recoil implantation of adatoms in the void regions [19]. Mattox and co-workers
obtained direct evidence for microstructural changes occurring with bias sputtering [18].
A combination of 300 V of substrate bias and magnetic annealing has improved soft
magnetic properties of Feq9Co49V> from about 170 to 10 Oe [23]. In this report, substrate
bias effects have been investigated on saturation magnetization and soft magnetic
properties of (FexCoi.x)yM; alloy thin films for GHz range thin-film inductor application.

I11. Conclusions

Figure 1 shows substrate bias effects on saturation magnetic flux density (4nM)
of Fejp0xCox (10 < x £ 50) films, which thickness of films are between 150 to 250 nm.
The saturation magnetization of bulk specimens were cut from the used sputter target
materials. The substrate bias significantly influences the saturation magnetization of Fe-
Co alloy films in the all composition range. The saturation magnetization of biased films
is higher than that of unbiased ones by 17.5 to 25%, while the coercivity of the one
deposited on the Si decreased to 19 Oe from 159 Oe of unbiased films. In addition, two
data points of VSM measurement were confirmed from SQUID measurement to remove
the error from VSM measurement.
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Figure 1. Substrate bias effects on saturation magnetic flux density (47M,) of Fe;p..Co, (10 <x<50)
films.

In order to verify the accuracy of VSM, Fig. 2 shows that the variation of
saturation magnetization of pure Nickel foil, Alfa Aesar ®, with known emu/g as a
function of different sample sizes. A certified pure Nickel standard sample with 6.3mm
diameter was used as a reference for a VSM. During the verification process, Ni foil
was cut to Smm x Smm square samples to remove shape effect between Ni foil and
silicon wafer because of the difficulty in cutting the silicon sample to a round shape. The
saturation magnetization of a Smm x 5mm sample matches reasonably well with the
original emu/g value of Ni foil, as shown in Fig. 2.
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Figure 2. Saturation magnetization of pure Ni foil as a function of samples size.



24 p

4aMg (kG)

2() ~

(20) Aa10120)

<4 50

100 200 300
Bias voltage (V)

Figure 3. Saturation magnetization and in-plane coercivity of Fe-10%Co films as a function of
substrate bias voltage.

Figure 3 shows change of saturation magnetization and in-plane coercivity of Fe-
10%Co films as a function of substrate bias voltage. The film thickness was between 180
to 230nm. The saturation magnetization of Fe-10%Co film increased from 17.9 to 24.2
kG with the increase of the substrate bias to 200V, while the coercivity of the film
deposited on the silicon decreased to 19 Oe from 159 Oe of unbiased films, as shown in
Fig. 3 and Fig. 4. There was no systematic difference in composition between biased and
unbiased films from EDX data, and it corresponded to the target composition. XRD
patterns showed both biased and unbiased films that have a bee structure.  This property
should not be varied as a function of this process because saturation magnetization is one
of the intrinsic properties of a material. However, it is clearly shown in the figure that the
substrate bias during dc magnetron sputter process significantly influenced the saturation
magnetization of Fe-10%Co films.

In order to improve the accuracy of the density measurement, the thickness of Fe-
5%Co alloy films is intentionally increased to 1.5 pm. The density of 300 V biased and
unbiased film was 7.97 and 7.86 g/cm’, respectively, which was very close to the
theoretical value of 7.92 g/cm® for Fe-5% Co alloy.

TEM microstructures and selected area diffraction (SAD) from 300 V bias and
unbiased of Fe-10%Co film are shown in Fig. 5. The 300 V biased film has a well-
defined columnar structure which are 20 nm in diameter. However, the unbiased film
shows randomly oriented crystallites existing near the interface between the film and
substrate. In order to obtain high magnetization of the film, a soft magnetic film requires
small grains with good exchange coupling between the grains. Mainly bee structure is
observed in a selected area diffraction pattern from both biased and unbiased films.
However, the fcc phase present the unbiased sample rather than 300 V biased one. The
fcc phase of pure Fe has 1.39 pp compared with 2.2 pp of bee structure [24], so existing
fcc phase of Fe can decrease the magnetic moment in the film per unit area. Grain
boundary segregation, which is observed from TEM micrographs of 300 V biased film,
can be another source of saturation magnetic induction change. The magnetic moment of
Fe-Co alloy can be improved by increasing magnetic moment of Fe site to approximately
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Figure 4. Magnetic properties of Fe-10%Co films as a function of substrate bias voltage.

3.0 pp in ordered CsCl structure from 2.2 pp in bec structured pure Fe [24, 25].
Assuming this segregation has an ordered Fe-Co structure, the average saturation
magnetization of a biased film should be increased due to the high moment material at
the grain boundaries. The assumption of grain boundary segregation of high moment
material is also supported by the sudden jump of an out-of-plane hysteresis loop, which is
only observed from biased samples. Those phenomenons can be explained by the
increase of saturation magnetization of biased films, higher than bulk materials, as shown
in Fig. 1, and the magnetostriction of Fe-Co alloy increases with increasing the content of
cobalt, followed by a decrease beyond 60 % of cobalt [2]. The magnetostriction (1) of
Fe-10%Co alloy film was 1.89 x 10” with 300 V biased, which was very close to the
bulk value of 1.89 x 107 for Fe-10% Co alloy, as shown in Table 1.

Figure 5. TEM images of biased and unbiased Fe-10%Co thin film.




Table I. Magnetostriction data for Fe-30%Co and Fe-10%Co as a function of bias voltage.

Description A (Measured) (R. M. 3010 rth) 4nMs
FesCoyo with 300 V bias 1.92 x 107 N/A 24.13 kG
FeooCoyo without bias Hard 1.7x 107 17.21 kG
FeoCoso with 300 V bias 4.41x10° N/A 24.32 kG
FegoCoso without bias Hard 4.4 x10° 19.08 kG

—

The dependence of easy-axis coercivity of Fe-Co films on the thickness of Co
seed-layer shown in Fig. 6. Fe-5%Co alloy target was used for the deposition of the film.
The bias voltage, dc power density and Ar gas pressure for this specific experiment were
300V, 10W/cm? and 1 mTorr, respectively. The effects of seed-layer on Fe-Co films
were thoroughly investigated by Jung ef al. [8, 9, 26]. A remarkable reduction of in-
plane coercivity was found in sputtered FegsCoss films, when several different seed-layers,
such as Cu, Ta, NiFe, Ru, Ta-NiFe and Ta-Cu were deposited prior to Fe-Co film.
Through extensive magnetic and structural characterization of Fe-Co films, they
concluded that the decrease of coercivity was correlated to the reduction of grain size.
Co seed-layer demonstrated very similar effect on the coercivity of Fe-5%Co alloy thin
film. The coercivity decreased from 16.1 to 2.8 Oe, when 2.5nm of Co seed-layer was
deposited. However, the coercivity slightly increased with the increase of the seed-layer
up to 50nm. In order to further improve soft properties and increase the resistivity of
Fe-Co films, Fe-10%Co target with 1% ALO; was used. With 50 Oe of applied field
during the deposition, a commercially available (Fe-10%Co)ss(ALO3); alloy 2 inch target
was used to grow the films. Figure 7 shows the magnetic property of (Fe-
10%Co)os(ALO3); with 50 Oe of applied field during deposition. The anisotropy field
(Hy) is observed to be 390 Oe on MgO (111) single crystal substrate using B-H loop
tracer. The easy axis coercivity, squareness ratio, and resistivity of this film were 8.8 Oe,
0.99, and 28 pQ-cm, respectively. Figure 8 shows permeability spectra model [1] based
on the magnetic data of (Fe-10%Co0)99(ALO3); film. The calculated FMR frequency was
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Figure 6. In-plane coercivity for Fe-5%Co thin film as a function of thickness of Co seed-layer
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Figure 7. Magnetic properties of 200V biased (Fe-10%Co)+9(A1203), thin films with 50 Oe applied

field during deposition.

7.9 GHz and operating frequency will be 5.7 GHz with 10 of the quality factor. This
magnetic film should be adequate for applications utilizing a thin film inductor over 5
GHz applications.

The final part of this report consists of design and fabrication of thin film inductor.
A detailed fabrication step is illustrated in appendix I. Also shown in appendix I is the
top view and cross-section of construction diagrams that show how the thin film inductor
was made. Figure 9 shows four-turn copper tracer on silicon wafer, which was made
using electron beam photolithography process.
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Figure 8. Complex permeability spectra. The parameters are Hy = 390 Oe, 4nM;s = 22 kG, o = 0.01,
and p = 50Qucm.




Figure 9. 4 turn copper tracer fabricated using e-beam lithography.
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Appendix I. Fabrication steps of thin film inductor

Chip Inductor wafer process

Substrate Thermally oxidized Silicon wafer (100 or 111)
* AJA sputtering system can handle
Size 3" flat* only 3" wafers

Step Process Equipment
100 Cleaning of 3" wafer*

Deposit 1st insulation layer
200 Deposit 1st insulation layer Si02 AJA

Mask #1  Deposit 1st magnetic layer
300 Deposit seedlayer* AJA
310 Deposit magnetic layer* AJA
320 Measure properties*
330 Spin coat of PR* AZ 4000
340 Mask/expose
350 Post exposure bake of PR 110 C
360 Develop
370 Etch 1st magnetic layer
380 Inspection

Mask #2  Deposit 2nd insulation layer

400 Deposit 2nd insulation layer*  SiO2 AJA
410 Measure thickness Dektak
420 Spin coat of PR* AZ 4000?

430 Mask/expose

440 Post exposure bake of PR 110C

450 Develop
460 Wet etch
470 Inspection

Mask #3  Coil deposition

500 Deposit adhesion layer 100 A of Ti AJA

510 Deposit seedlayer 2000 A of Cu AJA

520 Spin coat of PR* AZ 4000 5 to10 micron?
530 Mask/expose

535 Post exposure bake of PR 110C

540 Develop

550 Electroplating of coil Cu Plating bath
560 Descum

570 PR removal

580 Seed etch

590 Inspection Optical microscope

12




600
610

Mask #4
700
710
720
730
740
750
760

Mask #5
800
810
820
830
840
850
860
870

Mask #6
900
910
920
930
940
950
960
970

Mask #7
1000
1010
1020
1030
1040
1050
1060
1070

1200

Planarization
Planarization
CMP

Deposit 3rd insulation layer
Deposit 3rd insulation layer*
Spin coat of PR*
Mask/expose

Post exposure bake of PR
Develop

Etch 3rd insulation
Inspection

Deposit 2nd magnetic layer
Spin coat of PR*
Mask/expose

Post exposure bake of PR
Develop

Deposit seedlayer*

Deposit magnetic layer*
Measure properties*

PR removal

Deposit 4th insulation layer
Deposit 4th insulation layer*
Spin coat of PR*
Mask/expose

Post exposure bake of PR
Develop

Etch 4th insulation layer
Descum

Inspection

Deposit thru-via/ground
Deposit thru-via layer
Spin coat of PR*
Mask/expose

Post exposure bake of PR
Develop

Etch thru-via

Descum

PR removal

Electrical test

Polyimide/HBPR?

Si02
AZ 4000

110C

AZ4000

110C

Si02
AZ 4000

110 C

AZ 4000

110C

Spin coater?
CMP

AJA
5 to10 micron?

AJA
5 to10 micron?




Development and Characterization of High Resistive Fe-M-O (M=H{, Zr or
rare-earth metals) Soft Magnetic Thin Films

You Qiang,
Physics Department, University of Idaho

I. Abstract

We report here the room-temperature synthesis of Fe/FeO core-shell nanoclusters
using our novel nanocluster deposition system, based on the combination of high pressure
sputtering with aggregation. Fe/FeO core-shell nanoclusters are of great interest due to its
potential application for soft magnetic thin films of inductors. These oxide shells act as
passivation layers preventing further oxidation of the cores upon continued exposure to
oxygen, and also provide high resistivity. The Fe core reminds the soft magnetic
behaviors, We used SEM, HRTEM, XRD and XPS measurements for characterizing
nanoclusters and nanocluster films. Magnetic properties of clusters and cluster films have
been investigated by SQUID.

II. Approach and Results

A: Approach of Monodispersive Nanoclusters and Nanocluster Films

In the last few years interest in magnetic clusters has grown enormously with
increasing attention devoted to the effect of nano-size confinement on the physical
properties and with regard to their potential in the nanoscale engineering of materials
with very specific properties. The unprecedented ability to assemble nanoclusters into
new materials with unique or improved properties is thus creating a revolution in our
ability to engineer condensed matter for desired applications.

We have developed a new kind of cluster beam source that combines improved
magnetron sputtering with a gas aggregation tube, so called sputtering-gas-aggregation
source as discussed in [6-13]. This cluster source can produce a very large range of mean
cluster sizes (1 to 100 nm), and has a high degree of ionization, from 20% to 50%,
depending on the target materials. The sputter discharge ejects atoms and ions into the
rare-gas flux, where they aggregate through low-temperature condensation when their
density is high enough. The clusters are charged by energetic particles in the plasma, so
that no additional electron impact is necessary. This cluster source can produce
monodispersed nanoclusters with very narrow size distribution because the
heterogeneous growth processes happen in the plasma close to the surface of the target.
The mean size of clusters can be easily varied by adjusting the aggregation distance L,
the sputter power P, the pressure p in the aggregation tube, and the ratio of He to Ar gas
flow rate. The aggregation distance and the ratio of He to Ar gas-flow rate are important
parameters for getting a high intensity and low dispersion of the cluster beam.

A major advantage of this type of system is that the clusters have much smaller
size dispersion than grains obtained in any typical vapor deposition system. The main
features of our new “cluster deposition system” (CDS) are briefly described as follows.
Figure 1 shows a photo of the CDS. A cluster source with a 3-inch high-pressure
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